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Outline

lon heating during reconnection events in MST

Two views on dissipation: (1) Braginskii viscosity, (2) plasma dielectric tensor

Dielectric tensor with weak ion-ion collisions

“Parallel viscosity” at arbitrary ion-ion collision frequency

“Perpendicular viscosity” in strong and weak collisional regimes

Numerical treatment of the kinetic equation

lon heating by collisional damping of tearing modes



Discrete sawtooth events driven by tearing modes (magnetic reconnection)
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Strong ion heating in MST during reconnection events
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Both impurities and majority
components are rapidly heated.
Stronger heating of heavy ions.
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Reconnection heating on MST is almost isotropic

Distribution function remains Maxwellian during sawtooth crash
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Typical parameters for MST

n=10¥cm3, T,=200eV, DT, =100eV

time of reconnection (sawtooth crash) < 100 nsec <<t = 103 sec

l

kinematic Braginskii viscosity n,=0.9 x 103 cm?/ sec

viscous relaxation time t,, ~ L4/n,~103sec (atL ~r ~1cm)

vis —

t,. IS 10 times longer than the time of reconnection

. . _v effect of large parallel viscosity n,/n, ~ 108 ?
How is the energy delivered Jep y My,

and absorbed into the ioNs?-,  small fraction (20%) of magnetic energy
IS required to explain observed ion heating

viscous mechanisms should be modified for weakly collisional case



Structure of plasma flows in the reconnection layer

Stream lines for “classical” slab geometry
with symmetric current profile ( dJ© /dx =0

on the resonance surface)

Equivalent
flow patterns
in cylindrical
geometry

Effect of dJ©/dx* 0
(plasma flows through
the rational surface)




Low and intermediate collisionality requires extension
of Braginskii approach to weakly collisional case

Braginskii equations for 2-fluid MHD:

3, dKT, +p;N>»=-N>q - [P :Nv#Q
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re\(ersil?le losses e-1 collisions
adiabatic
heating
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\Viscous dissipation rate = 77, + v =CE x BOJ BO?
3:13 k




Dielectric tensor in weakly collisional magnetized plasma

 Response to electric field E,, = E, ,(Dexp (-iwt + ik, x + ik,2) in uniform B = (0,0, B)

» Linearized kinetic equation with Landau collision operator

« Approximation of weak collisions, n; << w ( opposite to Braginskii )
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Strongly and weakly collisional regimes: (a) parallel viscosity

(a) electric field E = E e, —>» compressible flow v, =(c E,/B)exp (-iwt+ ik, Xx),
anti-hermitian (resistive) part of j, is due to parallel viscosity h0

1m0 A2y 0.96nT;

—ipwug = JjyB/c — 3 952" no =

i

5e% = O 32?:“";31{ k| vty g < from Braginskii equations
E.- N A— . y W n”

Yii

gy

Wy Wei ( strong collisions)
4@% vii [k vT; 2 from dielectric tensor
Opl g ], w>>n, -
Yy > . ’ i (weak collisions)
w< w Wei

absorption vanishes at large and small collisional frequencies.

heating due to parallel viscosity can be interpreted as collisional magnetic pumping
(gyro- relaxation heating) in a time varying guide magnetic field B, =B + (kc / w) E,
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Gyro-relaxation model with constant collision frequency

time varying guide magnetic field, B(t)=B(l+acoswt), a=k cE,/wB<<1

perpendicular thermal energy T, : conservation of the magnetic moment T, / B(t) and
relaxation between T, and T, due to the collisions

(IfTJ_ TI {fB vi; (TL B ’TH)

a  Ba i\2

dT: T
| = Vi ( = — TII)
dt 2

mean ( irreversible) increase of total thermal energy, T=T, + T,

d’? _ (1/6)0, w? viid 5ea (vii/2w) W;Ei kivr; 3
dt ~ w2+ (9/4)v2 W2 4 (9/4)2

Weg

maximum of the heating rate, dT/dt=(w/18) (dB/B)* T, (n;= 2w/3)

gyro-relaxation heating is not important in MST

DT/ T ~ (1/ 3) (dB / B)? ~ 10
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lon heating caused by parallel viscosity is small in the reconnection layer

0

formal comparison of deﬁ‘yy and de? , shows that “parallel viscosity” is dominant
el w2
Yy (&) ;
—22 - 0 | ~ 108 in MST
0€f, w? + (9/4)1"2

its effect on heating is reduced in the reconnection layer due to E, << E,

in potential electric field: (1) dB/B — 0, (2) plasma flow becomes incompressible

ion heating due to parallel Braginskii viscosity vanishes for 2D incompressible flow
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Strongly and weakly collisional regimes: (b) perpendicular viscosity

« from Braginskii equations (collisional case) ;
(b) polarization E = E,e,, shearflow v, =-(c E,/B)exp (-iwt+ik,Xx)

32’Uy m = 3?1’};1#'%
ox2’ . 10 wgi

—ipwoy = —jeB/c—m

de?,, is determined by the perpendicular viscosity h,

524 3 w? piVii [ k1vr; 2
e 10!...: . W Wei W S< N
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Y u"}pz Vii (k1T
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IOmr w Wei ’ I
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« IS proportional to n; in a wide range of collision frequencies , N, << W
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Numerical modeling of the kinetic equation: (b) perpendicular viscosity

0

kinetic equation with Landay ion-ion collision operator in a driven electric field

uniform magnetic field B =Be, , E, (t,x), -L; <x<L4y, Y,z - uniform

electric field:
Eu(t,z) = E(t)sin (12), E(t=0)=0  E(t) = Eo{1—exp [~ (t/2t)]} sin (nt/t1)

E(x) | E{f}

-L, I 0 L, {] . fl

solution method: Fourier transformation in the box
f(t, z, vz, vy,v2) =

ny mq - . ‘ |
LTI TMypTUp 'l.myﬂvy 1M TV >
Z Z fnjwl:ri'nly,ﬂlz (t) EXD ( L —|— _|_ ; +
n=—nj mxzg,My,M=——1"] 1 ,”1 % i " g
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Kinetic energy of plasma flow is irreversibly transferred to ions
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lon heating by collisional damping of core tearing mode in MST

field components of the core tearing mode m/n = 1/6
magnetic field radial electric field
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Perpendicular viscosity is important for ion heating in MST

At =10%sec, T,=200eV, n=10%cm3, k v/ w =2, n=3.10%sec?,
dB,/B=0.02, AT, /T ~ 60

Numerical analysis for linear tearing mode, E, ~2.5x10°V/cm, v,~0.4 v,

DT,/ T, ~ 1 can be achieved at smaller E, ~2x10%V/cm and v, ~ 0.08 v,

More accurate estimates of E,_ are requires for reliable conclusions
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Summary — future plans

0

Using dielectric tensor we generalized Braginskii's approach to the case of rare
lon-ion collisions

Numerical model based ion kinetic equation yields dissipated power in a wide
range of temporal and spatial scales of the problem

lon-ion collisions are adequate for ion heating during magnetic reconnection
in the systems with relatively weak guide magnetic field

Effect of compressibility and parallel viscosity in a weakly collisional case

Role of parallel flows generated during reconnection events
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